Optogalvanic (OG) spectra of argon in the visible to near-infrared spectral region between 735 and 850 nm were investigated using a Grimm-style glow-discharge tube, which has been widely used to obtain depth profiles of the elemental composition on various film-like samples. About 49 lines of one-photon and two-photon OG peaks were observed with a pulsed Ti:sapphire laser; these peaks were precisely assigned. Two-photon OG spectra of argon were easily observed without focusing the pulsed laser irradiation to more than 1 mJ. The excitation mechanisms of the observed argon OG spectra could be classified into 3 types: single-photon transition, two-photon transition, and twophoton stepwise transition. In addition, a pseudo-resonant effect was also found to be effective. The argon lines observed in this experiment are suitable as convenient calibration wavelength markers of pulsed tunable laser radiation.
introduction
For the rapid analysis of solid samples, spark and glow-discharge optical emission spectroscopies have extensively been used. 1, 2 However, an emission spectroscopic analysis of non-metallic elements is difficult because of their larger excitation energies. 3 In addition, the atomic resonance transitions of these elements lie in the far-ultraviolet spectral region (e.g. O(I), 130.2 nm; N(I), 120.0 nm). The detection capabilities in this region are limited by the atmospheric absorption as well as the detector sensitivity. Although the emission lines of these elements are also available in the visible and near-infrared regions (e.g. O(I), 777.2 and 844.6 nm; N(I), 746.8 and 821.6 nm), 3 their excitation energies are much higher than those of the far-ultraviolet resonance lines, resulting in low analytical sensitivity.
Optogalvanic (OG) spectroscopy [4] [5] [6] is expected to be highly sensitive for the visible and near-infrared transition lines of non-metallic elements. 7, 8 The OG effect originates from a change in the impedance in a steady state glow-discharge when the discharge medium resonantly absorbs radiation. Then, the radiation rearranges the excited-state population, which in turn alters the net ionization rate of the plasma. Any change in the discharge impedance may be detected as a variation in the discharge current (i.e. a voltage change at the discharge electrode). 9 OG spectroscopy is expected to be more sensitive than either atomic-absorption or atomic-fluorescence spectroscopy, because OG spectroscopy is little affected by either the background signal due to the discharge emission or by scattering of the excitation laser. Highly efficient detection and collection of charges in a plasma produced by radiation are also the basis of the high sensitivity of OG spectroscopy. 5, 6 In OG spectroscopy, argon is commonly used as a plasma gas of the glow-discharge.
For identifiying OG signals of non-metallic elements in the visible and the near-infrared regions, the assignment of observed argon OG peaks in these wavelength regions should be conducted. Previous studies concerning argon OG spectra covered spectral regions of 367 -422 nm, 10 16 Most of these studies were dedicated to the precise wavelength calibration of tunable lasers, such as dye and Ti:sapphire lasers, and optical parametric oscillators. In this work, argon OG spectra in the region of 735 -850 nm were investigated, and precise assignments of the observed OG peaks (including nonlinear two-photon transitions) were conducted. The argon OG spectra in the region of 794 -850 nm and their assignment have been firstly reported in this study.
Experimental

Apparatus
A schematic diagram and the details of the experimental set-up are given in Fig. 1 and Table 1 , respectively. A Grimm-style glow-discharge tube, 17, 18 which has been widely used to obtain depth profiles of the elemental composition on various film-like samples, 19 was adopted in place of hollow cathode glow-discharge tubes employed in conventional optogalvanic spectroscopy.
4-6
Procedure
After evacuating the discharge chamber below 3 Pa (2 × 10 -2 Torr), high-purity argon was introduced. The pressure of the chamber was measured with a Pirani gauge and a Baratron pressure gauge installed between an evacuation port and a rotary pump. The glow-discharge tube was operated at a potential of 400 -450 V under a pressure of ca. 400 Pa (3 Torr) argon. The discharge current was adjusted to 3 mA using a constant-current mode of the DC power supply. The pulsed Ti:sapphire laser was pumped by the second harmonic (532 nm) of a Nd:YAG laser. The line-width of the Ti:sapphire laser was about 0.1 nm. The output energy of the pulsed laser was attenuated by neutral density filters to adjust between 30 μJ and 10 mJ, and the glow-discharge plasma was illuminated by the laser beam directly. No focusing of the laser beam was needed to observe the nonlinear two-photon excited optogalvanic (OG) spectra of argon. When the laser beam was resonantly absorbed in the argon plasma, the impedance of the argon glow plasma was changed, resulting in a variation of the discharge current. This variation was detected as a voltage drop through a register R, which was recorded through a capacitor C either with a digital oscilloscope or a boxcar integrator. The boxcar integrator gate opened immediately after the pulsed laser irradiation. Judging from the temporal change of an OG signal (see Fig. S2 Supporting Information), the duration of the gate was determined to be 5 μs in our apparatus. Emission spectra of argon were also measured using a small spectrograph, which was used for wavelength identification of the Ti:sapphire laser. Tables 2 -5 . An emission spectrum of argon is also shown in Fig. 6 for a comparison. While the energies of the laser pulse were below 0.5 mJ, only OG peaks assignable to one-photon transitions were observed. Both 750.39-and 751.47-nm peaks, which are recognized in the corresponding emission spectrum, were not observed in the OG spectrum ( Fig. 2) , and several downward OG peaks were observed (Figs. 4 and 5). When the energies of the pulsed laser became more than 1 mJ, extra peaks assigned to the two-photon transition appeared. The peak assignments listed in Tables 2 -5 were made using the data of argon energy levels supplied by a NIST atomic spectra database, 20 and by applying the selection rule as follows: for single-photon transition between energy levels having the opposite parity, ΔJ = 0, ±1 (0 → 0 not allowed); for two-photon transition between energy levels having the same parity, ΔJ = 0, ±1, ±2. 9, 21, 22 The calculated wavelength for each assigned transition in vacuo was converted into the wavelength in air by using the refractive index of air.
Results and Discussion
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Characteristics of the one-photon transition optogalvanic spectra
To understand the characteristics of the one-photon transition optogalvanic (OG) spectra, a partial energy-level diagram is demonstrated in Fig. 7 . The asterisked wavelengths in this diagram correspond to the downward OG peaks (discharge current: 3 mA). It is concluded from this diagram that these Figure S1 (Supporting Information) shows a typical temporal variation of an OG signal originating from a metastable state of argon. Digital oscilloscope graphs of upward and downward OG signals originating from the non-metastable states are also shown in Figs. S2 and S3 (Supporting Information), respectively. As shown in these figures, the variation of the OG signal continued for a few tens or hundred microseconds after the initiation of a pulsed laser irradiation. The time evolution of the OG signals seems to be dependent on the discharge parameters, such as the structure of discharge cells, argon gas pressure, discharge current and the electrical coupling circuits, but independent of the 10 ns laser pulse duration. 9, 25, 26 When atoms are excited by the absorption of laser radiation, the excited atoms are ionized by collisions with electrons, or deexcited by emitting radiation. Because the ionization of atoms results in an increase of the discharge current, the positive part of the OG signals in Figs. S1 and S2 (Supporting Information) are explained from enhanced ionization caused by laser irradiation. Fig. 3 Optogalvanic spectra of argon in the range of 760 -780 nm with changing the pulse energies of laser. The peak around 767.8 nm could be an artifact due to the frequency jump of the laser used in this experiment, because the peak could not be reproducible and could not be assignable to either a one-or two-photon transition. If a radiative decay of the excited level is dominant, and several decay paths to the ground state exist, laser excitation simply causes a decrease in the lower level population. Since the sustaining discharge current in a steady state is determined mainly by the lower level concentration, such a decrease of the lower level population will cause an increase in the plasma impedance, resulting in negative peaks of the OG signal observed in Fig. S3 (Supporting Information) . The peak direction and the OG signal intensity could be determined by the balance between the enhanced ionization and the decrease in the lower level population of atoms by the resonant absorption of laser radiation. It might be interpreted at a discharge current of 3 mA that the 738.40-nm peak, the effect of enhanced ionization is stronger than that of a decrease in the lower level population; for the 750.39-and 751.47-nm peaks, both effects are almost the same; and regarding the downward peaks, the latter effect is stronger than the former one. When the discharge current increased, the downward OG peaks changed the direction to upward, and both 750.39-and 751.47-nm peaks appeared. This effect can be understood from the fact that the ionization of excited atoms through electron collisions could become more effective by increasing the discharge current than the decrease in the lower level population by radiative decay of the excited level.
The large negative overshoot of the OG signal ( Fig. S1  Supporting Information) originating from the metastable state has been described in detail in Refs. 25 and 26. Pseudo-resonant two-photon excited optogalvanic spectra A two-photon excited optogalvanic (OG) effect originates from the two-photon absorption process. Since this process is a nonlinear optical effect, and the transition probability of two-photon absorption is proportional to the square of the laser intensity, 22 focusing of the laser beam is usually required to observe the two-photon excited OG spectra. 9, 15 In the present experiment, however, two-photon OG spectra were easily observed without focusing the laser beam.
When argon energy levels were explored around the virtual intermediate states of the two-photon transition of OG spectra, many real energy levels of argon, which were very close to the virtual intermediate states within 0.06 eV, were found. The determined argon energy levels are listed in Table 6 . The real argon energy level will hereinafter be called the "intermediate argon level". A partial energy-level diagram of several two-photon OG peaks is also shown in Fig. 8 . Since intermediate argon levels exist, the probability of the two-photon transition becomes larger resonantly. 22 This resonance effect could be the reason why no focusing of the laser was required to observe two-photon excited OG spectra in this experiment.
Digital oscilloscope traces of a pseudo-resonant two-photon OG peak (760.21 nm) are shown in Fig. S4 (Supporting Information). When the Ti:sapphire laser was tuned to the resonant wavelength of the OG peak, a sharp and strong OG signal was observed (on resonance). On the other hand, when the laser wavelength was tuned out, only a broad OG background signal remained (off-resonance).
If intermediate argon levels, which are off-resonant within 0.06 eV (corresponding to about 30-nm deviation in wavelength), can be populated by intense laser radiation, such excited argon atoms will easily be ionized by collisions of electrons in a glow-discharge plasma. The broad background OG signal observed in Fig. S4 (Supporting Information) could be produced from argon atoms excited by the off-resonant (<0.06 eV) intense laser radiation.
Sharma et al.
14 also observed the pseudo-resonant two-photon OG peaks of Ar in the wavelength region of 605 -740 nm. Tang and Miles 9 investigated the one-and two-photon OG spectra of argon in the 735 -781 nm region precisely. The energy of the pulsed laser used in Ref. 9 was tens of μJ, and then the laser beam was focused to observe two-photon OG spectra. In the present study, several extra two-photon OG peaks (wavelengths marked with superscript, a, assigned to two-photon transition in Table 2 ), which were not observed in Ref. 9 , appeared. The power density of the laser used in Ref. 9 might have been insufficient to observe the extra two-photon OG peaks listed in Table 2 .
Two-photon stepwise excited optogalvanic spectra
With increasing the laser energy, several single-photon optogalvanic (OG) peaks originating from the 3p 5 4p levels having a relatively high energy of around 13 eV (wavelengths marked with superscript, a, assigned to one-photon transition in Table 2 ) were observed. We consider that this results from an optical pumping effect; namely, the lower level (3p 5 4p) of the corresponding one-photon OG peaks are optically pumped from the 3p 5 4s levels having a further lower energy around 11 eV due to strong laser irradiation. The related 3p 5 4s level and the following excited 3p 5 4p level are hereinafter called "initial-and intermediate-state" of the stepwise excitation, respectively. The determined energy levels for the observed two-photon stepwise excited OG peaks are listed in Table 7 . A few typical two-photon stepwise excitation schemes for the OG peaks are also depicted in Fig. 9 . In the case of 750.02 nm, for example, an argon atom in the 3p 5 Fig. S5 (Supporting Information) . The broad off-resonant OG signal is considered to appear through the same mechanism as in pseudo-resonant two-photon OG spectra.
Since the excitation mechanism of the extra one-photon OG peaks (wavelengths marked with superscript, a, assigned to one-photon transition in Table 2 ), which was not observed in Ref. 9 , is two-photon stepwise excitation, the power density of the laser used in Ref. 9 might have been insufficient to observe the extra one-photon OG peaks listed in Table 2 .
Conclusions
Using a Grimm-style glow-discharge tube, 49 lines of onephoton and two-photon optogalvanic (OG) spectra of argon in the 735 -850 nm spectral region were observed, and could be assigned. Two-photon OG spectra of argon were easily observed without the focusing of pulsed laser irradiation of more than 1 mJ, and this fact could be due to the pseudo-resonant effect. Excitation mechanisms of argon OG spectra were found to be classified into 3 categories: single-photon, two-photon, and two-photon stepwise transitions. These observed argon lines are suitable for convenient calibration wavelength markers of pulsed tunable laser radiation. 
